The purpose of this study was to test the hypothesis that severity of sleep apnea (SA), assessed by frequency of apneas and hypopneas per hour of sleep (apnea-hypopnea index [AHI]), is related to sodium intake in patients with heart failure (HF).
Sleep apnea (SA), including obstructive sleep apnea (OSA) and central sleep apnea (CSA), occurs in approximately 50% of patients with heart failure (HF), in whom it is associated with increased mortality (1) (2) (3) . The observation that OSA is more prevalent in patients with edematous states, such as HF, than in the general population, despite lower body weight (1, 4, 5) , raises the possibility that fluid retention may increase the risk for OSA. A recent study suggested that fluid retained in the legs during the day could shift rostrally into the neck when recumbent during sleep, causing peripharyngeal fluid accumulation and upper airway narrowing, thereby predisposing such persons to OSA (6) .
CSA also is common in HF patients (1) and is caused by a tendency to hyperventilate resulting from increased chemoreceptor responsiveness and from pulmonary congestion that induces a fall in partial pressure of carbon dioxide below the apnea threshold (7) . In HF patients, the degree of overnight rostral fluid displacement from the legs is inversely proportional to partial pressure of carbon dioxide during sleep and is directly related to the severity of CSA, suggesting that some of this fluid is redistributed into the lungs (6) . Because fluid retention in the legs in the daytime contributes to rostral redistribution of fluid into the neck and lungs at night, it seems likely that high sodium intake, which can cause fluid retention in HF patients, may play a role in the pathogenesis of both OSA and CSA.
Sodium retention, a hallmark of HF, causes excessive fluid accumulation (8, 9) . Indeed, we recently demonstrated that high sodium intake is associated with an increased risk of HF exacerbations (10) . We therefore tested the hypothesis that in HF patients, sodium intake is related to the severity of SA.
Methods
Subjects. Subjects for this study were originally enrolled in our previous study between 2003 and 2007 (10) . Inclusion criteria were HF patients 18 to 85 years of age with left ventricular ejection fraction (LVEF) Ͻ35%, with stable medical condition for 3 months or more, and receiving optimal medical HF therapy. Exclusion criteria were a serum creatinine level of Ͼ140 mmol/l and a serum sodium level of Ͻ130 mmol/l. Patients consumed a self-selected diet. Among 123 patients enrolled in the original study, 57 (46%) underwent overnight polysomnography as a part of an epidemiological study (n ϭ 45) (1) or as a part of screening for a clinical trial (n ϭ 12) (11) . Among them, we excluded 3 patients who had been hospitalized for HF during the interval between dietary assessment and polysomnography, because this may have affected sodium intake. All polysomnograms were obtained within 3 years before or 6 months after the assessment of sodium intake (mean interval: 14.6 months). Demographic characteristics, medications, LVEF, estimated glomerular filtration rate (eGFR), and serum sodium were recorded before the assessment of sodium intake. The study was approved by the local research ethics board, and all subjects provided written informed consent before enrollment. Assessment of sodium intake. Sodium intake was assessed by 2 3-day food recordings: one at study entry and a second 6 to 12 weeks later. Mean values were used to estimate habitual intake of sodium and other nutrients. This is a valid method to assess dietary intake in HF patients (12) and to capture individual day-to-day variation in sodium consumption (13, 14) . Further details of this dietary assessment were described previously (10, 12) . Polysomnography. Subjects underwent overnight inlaboratory polysomnography using standard techniques and scoring criteria for sleep stages and arousals from sleep and obstructive and central apneas and hypopneas, as previously described (1, 15, 16) . Severity of SA was assessed by the frequency of apneas and hypopneas per hour of sleep (apnea-hypopnea index [AHI]). For purposes of this study, subjects were divided into an SA group (AHI Ն15) and a non-SA group (AHI Ͻ15) (1, 17) and also into an obstructive-dominant group (i.e., Ն50% obstructive events) and a central-dominant group (i.e., Ͼ50% central events). Statistical analysis. Patient characteristics and dietary intake were compared between the non-SA and SA groups using the t test or Mann-Whitney U test for continuous variables and the chi-square or Fisher exact test for categorical variables. The best cutoff value for sodium intake predicting the presence of SA was identified by receiver operating characteristic curve at regular intervals as the value that minimized the expression (
2 ). Univariate correlations between AHI and other variables were analyzed. Because the latency between the dietary assessment and polysomnography was long, interactions between the latency period and the correlation between AHI and sodium intake were assessed. Stepwise multiple regression analysis with AHI as the dependent variable and age, sex, body mass index (BMI), use of medications, eGFR, LVEF, and calorie, fluid, potassium, and sodium intake as independent variables was performed. Similar univariate and multiple regression analyses also were performed in the obstructive-dominant and centraldominant subgroups. A p value Ͻ0.05 indicated statistical significance.
Results

Subject characteristics.
Of 54 patients, 23 (43%) were in the non-SA group and 31 (57%) were in the SA group (Table 1) . Patients with SA were more likely to be male than those without SA. A lower percentage of the SA group was receiving furosemide than those in the non-SA group, whereas a higher percentage of the SA group was receiving spironolactone than those in the non-SA group. The SA group had greater fluid, potassium, protein, and total calorie intake than the non-SA group (Table 2) , but there was no significant difference in BMI between them. By definition, the AHI was greater in the SA group than in the non-SA group (Table 3) . Compared with the non-SA group, obstructive and central AHIs were higher, minimum arterial oxyhemoglobin saturation was lower, and the arousal index was higher in the SA group. ACE-I ϭ angiotensin-converting enzyme inhibitors; AHI ϭ apnea-hypopnea index; ARB ϭ angiotensin II receptor blockers; BMI ϭ body mass index; BP ϭ blood pressure; eGFR ϭ estimated glomerular filtration rate; LVEF ϭ left ventricular ejection fraction; NYHA ϭ New York Heart Association.
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Sodium intake and SA. The SA group had significantly greater sodium intake than the non-SA group ( Table 2) . The best cutoff value of sodium intake predicting SA was more than 2.39 g (area under the curve: 0.78; 95% confidence interval: 0.65 to 0.91; p ϭ 0.001; sensitivity: 74.2; specificity: 78.3).
The AHI correlated significantly with sodium intake (Fig. 1) . The only other significant correlates of the AHI were calorie intake (coefficient: 0.313; p ϭ 0.021) and male sex (coefficient: 0.522; p Ͻ 0.001). Multivariate analysis showed that the only significant independent correlates of the AHI were male sex, eGFR, and sodium intake, which together accounted for 47% of the variability in the AHI (p Ͻ 0.001) ( Table 4 ). There was no interaction between the latency period between dietary assessments and polysomnography (over vs. under the mean value) and the correlation between AHI and sodium intake (p ϭ 0.630).
In the obstructive-dominant group (n ϭ 35), there were better correlations between AHI and sodium intake (r ϭ 0.565; p Ͻ 0.001) than for the entire group, and multivariate analysis showed that the only significant independent correlates of the AHI were male sex, BMI, and sodium intake ( Table 5 ). In the central-dominant group (n ϭ 19), there was only a nonsignificant tendency for the AHI to correlate with sodium intake (r ϭ 0.422; p ϭ 0.072), but multivariate analysis showed that significant independent correlates of the AHI were BMI, LVEF, and sodium intake ( Table 6 ).
Discussion
Our findings provide novel insights into the pathogenesis of SA in patients with HF. First, we found that the AHI was related independently to sodium intake. Second, we found an inverse relationship between AHI and eGFR. Our findings therefore suggest that high sodium intake and impaired renal function increase the odds for SA in patients with HF.
Among HF patients, excessive sodium intake, renal dysfunction, or both can cause sodium and fluid retention (8, 9) , whereas fluid distribution is influenced by posture. While sitting, gravity sequesters fluid in the legs (18) . In HF, elevated venous pressure further contributes to leg edema (19) . Therefore, HF patients with excessive sodium intake, renal dysfunction, or both are prone to accumulate Dietary Intake Factors Independently Related to the Apnea-Hypopnea Index Independent variables included in this multivariate analysis included age, sex, body mass index, angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker use, beta blocker use, furosemide use, spironolactone use, estimated glomerular filtration rate, left ventricular ejection fraction, calorie intake, fluid intake, potassium intake, and sodium intake. eGFR ϭ estimated glomerular filtration rate.
fluid in their legs. Our recent study showed that the severity of both OSA and CSA in men with HF is strongly related to the amount of fluid displaced rostrally from the legs overnight (6) . The amount of this overnight fluid displacement in turn was related directly to the amount of time spent sitting during the daytime and the degree of leg edema. Therefore, high sodium intake and renal dysfunction likely contributed to SA severity at least partially through fluid retention and increased overnight rostral fluid displacement. Because fluid retention in the legs during the daytime contributes to overnight rostral fluid redistribution to the neck and lungs, it is probable that high sodium intake and renal dysfunction contribute to the pathogenesis of OSA and CSA in HF patients. The observation that sodium intake correlated independently with the AHI in both the obstructive-dominant and central-dominant groups favors this possibility. In terms of the appropriate level of sodium intake for patients with HF, there is some controversy. Our previous study suggested that the upper limit of sodium intake for HF patients should be similar to that recommended for healthy adults, that is, 2.3 g/day (10) . Interestingly, this value is practically identical to the best cutoff value of sodium intake that predicted the presence of SA in the present study. Previous data showed that the presence of SA in HF patients is associated with increased mortality risk (2, 3) . Because high sodium intake is associated with the presence of SA in HF patients, there may be an interaction between sodium intake and SA that increases the risk of adverse cardiovascular events, possibly via fluid retention. In this context, limitation of sodium intake may be beneficial to HF patients either directly by alleviating pulmonary congestion, or indirectly by alleviating SA and its related adverse effects. Study limitations. First, because it was observational, the results do not prove a cause-and-effect relationship between sodium intake and SA. One way to determine whether there is a cause-and-effect relationship between sodium intake and sleep apnea would be through a trial of sodium restriction. However, such a trial would not be warranted unless we found a relationship between sodium intake and SA severity. Second, the ability to control for confounders may be limited by the sample size. Third, we did not directly measure the degree of fluid retention and overnight fluid redistribution related to sodium intake. It therefore is possible that other unmeasured factors also might have affected the relationship between sodium intake and SA. Fourth, we did not assess B-type natriuretic peptide concentration, a marker of cardiac volume overload. Finally, during the interval between polysomnography and assessment of sodium intake, the amount of sodium intake could have changed. However, the lack of any interaction between this interval and relationship between sodium intake and AHI suggests that this latency did not affect the results of the relationship between sodium intake and AHI.
Conclusions
We have shown that in HF patients, the severity of SA is related directly to dietary sodium intake and is inversely related to renal function. It is likely that this association is the result of fluid retention secondary to the combined effects of high sodium intake and impaired renal function and to overnight rostral fluid shift from the legs. High sodium intake therefore may play a role in the pathogenesis of SA in HF patients. If so, modulation of sodium intake may be a therapeutic strategy to alleviate SA in HF. Consequently, studies assessing fluid volume and overnight fluid shift and their relationships to both sodium intake and severity of SA, as well as interventional studies to assess the effect of reduced sodium intake on fluid volume and severity of SA, will be required to test our hypotheses.
Factors Independently Related to the Apnea-Hypopnea Index in the Obstructive-Dominant Group (n ‫؍‬ 35) Table 5 Factors Independently Related to the Apnea-Hypopnea Index in the Obstructive-Dominant Group (n ‫؍‬ 35) The same variables described in Table 4 were included. BMI ϭ body mass index.
Factors Independently Related to the Apnea-Hypopnea Index in the Central-Dominant Group (n ‫؍‬ 19) Table 6 Factors The same variables described in Table 4 were included. Abbreviations as in Table 1 .
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